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The process of stimulated Raman adiabatic passage ~STIRAP! provides a possible route for the generation
of a coherent molecular Bose-Einstein condensate ~BEC! from an atomic BEC. We analyze this process in a
three-dimensional mean-field theory, including atom-atom interactions and nonresonant intermediate levels.
We find that the process is feasible, but at larger Rabi frequencies than anticipated from a crude single-mode
lossless analysis, due to two-photon dephasing caused by the atomic interactions. We then identify optimal
strategies in STIRAP allowing one to maintain high conversion efficiencies with smaller Rabi frequencies and
under experimentally less demanding conditions.
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Coherent conversion of an atomic to a molecular Bose-
Einstein condensate ~BEC! is a first step towards ‘‘su-
perchemistry’’ @1#, which is the stimulated emission of mol-
ecules in a chemical reaction. A number of studies of this
@2–4# have shown that direct conversion via Raman photo-
association @5# appears feasible, based on stimulated free-
bound and bound-bound transitions in the presence of two
laser fields of different frequencies @6#. Here pairs of atoms
from the two-atom continuum of the ground electronic po-
tential are transferred—via an excited bound molecular
state—to a bound molecular state of a lower energy in the
ground potential. Raman photoassociation allows coupling to
a single molecular state, which can be selected by the Raman
laser frequencies. Practical estimates using available lasers
and transitions indicate that coherent transfer may be limited
by spontaneous emission from the intermediate molecular
excited electronic state. Another mechanism that can result in
coupled atomic-molecular BEC systems @7# is based on Fes-
hbach resonances @8#. However, realistic analysis and experi-
mental implementations @9# indicate that the loss processes
due to inelastic atom-molecule collisions occur at a signifi-
cant rate.
A possible route towards minimizing losses and decoher-
ence from spontaneous emission in photoassociation is
stimulated Raman adiabatic passage ~STIRAP! @10#, in
which a counterintuitive pulse sequence is used, where the
first input pulse couples the molecular levels—even when
there are no molecules present. In this situation, a dark su-
perposition state is formed, due to interference effects be-
tween the atomic and molecular electronic ground states.
This minimizes the probability of a real transition to the
molecular excited state, and hence reduces spontaneous
emission. Previous analyses of this problem have not taken
into account losses, collisions, or the full three-dimensional
structure of the two Bose condensates in a trap.
In this paper we provide an analysis which is relevant in a
physically appropriate model that does include the known
physics of spontaneous emission losses, s-wave scattering1050-2947/2002/65~6!/063619~14!/$20.00 65 0636processes and spatial diffusion of the condensates. The result
is that the STIRAP process appears feasible at high laser
pulse intensities, provided the Rabi frequency is much
greater than the two-photon detuning due to mean-field in-
teractions. We give a detailed numerical calculation based on
both homogeneous and inhomogeneous three-dimensional
mean-field ~Gross-Pitaevskii type! theories, including cou-
plings to nonresonant intermediate levels, and show how the
results scale with the two-photon detuning, pulse duration,
and Raman pulse intensities. An optimal situation is found
by considering an off-resonance operation and different ef-
fective Rabi frequencies in the two Raman channels. We
show that these strategies can greatly enhance the conversion
efficiency for given laser intensities, thus making the experi-
mental requirements much more feasible.
II. COUPLED GROSS-PITAEVSKII EQUATIONS
FOR STIRAP
We start by considering the theory of coherently interact-
ing atomic and molecular condensates needed to describe
this process @1,3#, and assume a specific coupling mechanism
based on stimulated free-bound Raman transitions @6#, in
which two atoms of energy E1 collide to form a molecule of
energy E2 with an excited molecular state forming as an
intermediate step. The Raman coupling is induced by two
laser fields of frequencies v1 and v2, and becomes resonant
when the Raman detuning d5(2E12E2)/\2(v22v1)
goes to zero. This allows coupling to a single molecular
state, which can be selected by the Raman laser frequencies.
We derive the atom-molecule coupling for a simplified
model of the two-body interaction @1,11#, in which the atoms
interact in their electronic ground state through a single
Born-Oppenheimer potential Vg(R). Molecules are formed
in a single bound vibrational state of energy E2 with radial
wave function u2(R). Two free atoms with zero relative ki-
netic energy have a total energy 2E1, and a relative radial
wave function u1(R), normalized so that asymptotically u1
}(12a1 /R). We assume that the laser field has two fre-
quency components, with E5Re (@E(i)exp(ivit)#, i51,2.©2002 The American Physical Society19-1
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cally excited state described by a potential Ve(R), with
‘‘bare’’ electronic Rabi frequencies V i
(el)(R)5d3i(R)E(i)/\ , where d3i(R) is the molecular electric dipole matrix
element with a nuclear separation of R. The excited state has
vibrational levels uv8& with energies Ev8 and radial wave
functions uv8(R). All bound levels are normalized so that
*d3Ruuv8u
25*d3Ruu2u251.
We consider the case of near resonant transitions 1→v8
→2 and denote the resonant excited vibrational level v8 via
index 3 ~see Fig. 1!. The usual quantum field theory Hamil-
tonian @12# for noninteracting atomic (i51) and molecular
(i52,3) species, in well-defined internal states described by
annihilation operators Cˆ i , is given by
Hˆ (0)5E d3x(
i51
3 F \22mi u„Cˆ i~x!u21Vi~x!Cˆ i†~x!Cˆ i~x!G .
~1!
Here mi (i51,2,3) are the masses, m2,352m1, and Vi(x) is
the trapping potential including the internal energy for the ith
species, where we define Vi(0)5Ei .
Including s-wave scattering processes and laser-induced
particle interconversion, together with the assumption of a
momentum cutoff, results in the following terms in the ef-
fective interaction Hamiltonian:
Hˆ int
(s)5
\
2E d3x(i j Ui jCˆ i†~x!Cˆ j†~x!Cˆ j~x!Cˆ i~x!, ~2!
Hˆ int
(123)5E d3xF2\V12A2 e2iv1tCˆ 12~x!Cˆ 3†~x!1H.c.G , ~3!
Hˆ int
(223)5E d3xF2\V22 e2iv2tCˆ 2~x!Cˆ 3†~x!1H.c.G . ~4!
Here V i5*d3RV i
(el)(R) u3*(R)ui(R)’V¯ i(el)I i ,3 (i51,2)
are the molecular Rabi frequencies. These can be treated
using the Franck-Condon overlap integrals I i ,3
5*d3Ru3*(R)ui(R), if we take V¯ i(el) as the mean electronic
Rabi frequency. We note that V1, which connects the atomic
and molecular condensates, has units of s21m23/2, and must
be multiplied by the atomic condensate amplitude to obtain a
FIG. 1. Diagrammatic representation of the free-bound and
bound-bound transitions in STIRAP.06361true Rabi frequency. The couplings Ui j in the diagonal case
are given by Uii54p\ai /mi , where ai is the ith species
s-wave scattering length, while the nondiagonal terms are
given by Ui j5U ji52p\ai j /m i j , where ai j is the interspe-
cies scattering length and m5mim j /(mi1m j) is the reduced
mass.
In addition, we account for losses from each state, at a
rate g i . The resulting Heisenberg equations for the field op-
erators are treated within the mean-field approximation, in
which the operators are replaced by their mean values, and a
factorization is assumed. This approximation is expected to
be valid at sufficiently high density. Corrections due to quan-
tum correlations @13# have been treated in greater detail else-
where @14#. Next, we introduce rotating frame detunings, de-
fined so that
2D1~x!5@E322V1~x!#/\2v1 ,
D2~x!5@E32V2~x!#/\2v2 , ~5!
D3~x!5@E32V3~x!#/\ .
In the case of uniform condenstates, Vi(x) are equal to
Vi(x)5Ei , and D350.
This results in the following set of Gross-Pitaevskii type
of equations for the mean-field amplitudes, in rotating frames
such that c i5^Cˆ i&exp$i@Ei1Di(0)#t/\%:
]c1~x,t !
]t
5iD1
GPc11
iV1*
A2
c3c1* ,
]c2~x,t !
]t
5iD2
GPc21
iV2*
2 c3 , ~6!
]c3~x,t !
]t
5iD3
GPc31
iV1
2A2
c1
21
iV2
2 c2 ,
Here D j
GP is the ith Gross-Pitaevskii mean-field detuning in
the rotating frame, defined so that:
D j
GP~x,t !5D j~x!1
\
2m j
„22 (
k51
3
U jkucku21i
g j
2 . ~7!
We also introduce the two-photon laser detuning at trap cen-
ter:
d[D2~0 !22D1~0 !52~E222E1!/\1~v12v2!. ~8!
In addition to losses due to spontaneous emission from
the electronic excited states, rotationally or vibrationally in-
elastic atom-molecule collisions may also give rise to losses.
The magnitude of these rates is presently unknown, and we
neglect them here. We note that these rates should decrease
rapidly with increasing molecular binding energy and go to
zero in the molecular ground state, so that it should be pos-
sible to obtain a very low rate by selecting the coupling to a
deeply bound molecular level. This approximation means9-2
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d i j is the Kronecker d-function.
The simplest STIRAP scheme employs exact tuning of the
laser frequencies to the bare state resonances, i.e., D1(0)
5D2(0)50. This, however, is not necessarily required as
the STIRAP can still occur with detuned intermediate levels.
Moreover, as we show below, in BEC environments the off-
resonance operation turns out to be more efficient if the de-
tunings compensate for the phase shifts due to mean-field
energies. In effect this is equivalent to a renormalized two-
photon ‘‘on-resonant’’ operation in which D2
GP(x,0)
22D1
GP(x,0)’0.
If, instead of considering near-resonance coupling, we
consider a large intermediate level detuning so that the ex-
cited state can be adiabatically eliminated, we recover the
basic terms in the set of equations analyzed in @1#. Simulta-
neously, this would give us the previously known result @11#
for the laser-induced modification to the scattering length a1
occurring in a simple single-laser photoassociation of pairs
of atoms, thus justifying the above form of the interaction
Hamiltonian. In the present paper, however, we assume that
the detunings D i are small compared to the characteristic
separation between the vibrational levels so that all other
vibrational levels can be neglected. The near-resonant ex-
cited level is treated explicitly, rather than eliminated adia-
batically as in @1#.
III. STIRAP IN A BEC
Before carrying out simulations of the full 3D equations
in a trap, it is instructive to start with a simplified version of
the theory—in which there are no kinetic energy terms. We
expect this approximation to be valid in the Thomas-Fermi
limit of large, relatively dense condensates, which is a re-
gime of much current experimental interest. This is described
by the following set of equations:
]c1~x,t !
]t
5iD1
TFc11
iV1*
A2
c3c1* ,
]c2~x,t !
]t
5iD2
TFc21
iV2*
2 c3 , ~9!
]c3~x,t !
]t
5iD3
TFc31
iV1
2A2
c1
21
iV2
2 c2 ,
where we have introduced as an effective Thomas-Fermi
limit frequency shift,
D j
TF~x,t !5D j~x!2 (
k51
3
U jkucku21i
g j
2 . ~10!
This corresponds to the treatment given in @10#, except that
we explicitly include the loss term g due to spontaneous
emission, the s-wave scattering processes due to Ui j , and the
Franck-Condon integrals into the coupling coefficients for
the free-bound and bound-bound transitions.06361In order to understand how this is related to the usual
STIRAP technique in a three-level L atomic system, we in-
troduce a new wave function cm5c1 /A2, which corre-
sponds to the coherent amplitude of a ~virtual! molecular
condensate with the same number of atoms as in the atomic
BEC. We then introduce a Bose-stimulated Rabi frequency,
which includes a local coherent BEC amplitude for the first
free-bound transition: V˜ 15c1V1. This leads to the equa-
tions
]cm~x,t !
]t
5iD1
TFcm1
iV˜ 1*
2 c3 ,
]c2~x,t !
]t
5iD2
TFc21
iV2*
2 c3 ,
]c3~x,t !
]t
5iD3
TFc31
iV˜ 1
2 cm1
iV2
2 c2 . ~11!
These are precisely the usual STIRAP equations, except with
additional detunings coming from the mean-field interac-
tions, and a Rabi frequency in the first transition which is
proportional to the amplitude of the atomic BEC wave func-
tion. In practice, the Rabi frequency may have an additional
space dependence due to the spatial variation of the laser
phase and intensity. We therefore conclude that, provided we
can satisfy the normal adiabatic STIRAP requirements of
slow time variation in the effective Rabi frequencies in the
above equations, the technique will also work for a BEC.
This is a simpler proof than previously @10#. In particular, we
can immediately deduce the expected solution for real Rabi
frequencies in the adiabatic limit. To have V˜ 1cm52V2c2,
one requires,
c1~x,t !5c1~x,0!cos~u!,
c2~x,t !52c1~x,0!sin~u!/A2, ~12!
c3~x,t !50.
Here the space-dependent mixing angle u(x,t) is obtained
from the ratio of effective Rabi frequencies
tan~u!5
V˜ 1
V2
5
c1V1
V2
5FAc12~x,0!V12
V2
2 1
1
42
1
2G 1/2.
~13!
We can see that initially, while c1 is still close to its
initial value, the mixing angle is close to its expected value
in normal STIRAP, since tan(u)’c1(x,0)V1 /V2. However,
at the final stages of the adiabatic passage, the nonlinear
effects due to the atom-molecular coupling become impor-
tant. As the atomic BEC amplitude only varies on the time
scale of the input fields, the nonlinear atom-molecular cou-
pling term by itself should not introduce new adiabatic re-9-3
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introduced by the mean-field terms.
Finally, we can see that similar conclusions can also be
reached in a nonuniform BEC by replacing the uniform de-
tunings with appropriate Gross-Pitaevskii detunings, which
include the spatial potentials. In a typical BEC cooled in the
Thomas-Fermi regime, we expect the kinetic energy terms to
have relatively small effects.
STIRAP can therefore be implemented as usually by us-
ing two laser pulses applied in counterintuitive order. We
choose Gaussian pulses of the form
V¯ i
(el)~ t !5V i
(el ,0)exp@2~ t2t i!2/T2# ~ i51,2!, ~14!
or
V i~ t !5V i
(0)exp@2~ t2t i!2/T2# , ~15!
where the peak values are related as follows: V i
(0)
5V i
(el ,0)I i ,3 . The pulse at frequency v2 is applied first, with
the center at t2, while the second pulse at frequency v1 is
delayed by aT , i.e.,
t12t25aT , ~16!
where a is the delay coefficient, and T is the pulse duration,
which we assume is the same for both pulses.
In terms of the Rabi frequencies, the adiabatic condition
for STIRAP now reads as @15#
V~ t !Dt@A11u2D1TF2D3TFuDt , ~17!
where V(t)5AuV˜ 1(t)u21uV2(t)u2 is the rms Rabi fre-
quency, Dt is the duration during which the pulses overlap,
and (2D1TF2D3TF) simply corresponds to the detuning of the
single-photon transition. However, there is a second condi-
tion, which is often not stated explicitly. This is that STIRAP
requires an effective two-photon resonance to avoid dephas-
ing between the initial and final states in the dark-state su-
perposition. The two-photon resonance condition is different
from the usual STIRAP case, since a detuning of D1
TF causes
a phase rotation both in cm and in V˜ 1 as well, since this also
includes a phase term from the condensate. As a result, the
necessary condition for two-photon resonance is therefore
uD2
TF22D1
TFuDt!1. ~18!
This leads to a third condition, which shows that there is a
lower bound to the allowed Rabi frequency in order to have
STIRAP occurring in the presence of mean-field dephasing
effects,
V~ t !@uD2
TF22D1
TFu. ~19!
As is usually the case in STIRAP, these conditions cannot
be satisfied very early or late in the pulse sequence, when the
Rabi frequencies are small; but they should be satisfied over
most of the STIRAP interaction, and over most of the con-06361densate volume. For simplicity, we will apply these condi-
tions to the peak Rabi frequency V (0), and to the total pulse
duration T. Further, since V˜ 1 is itself a function of the
STIRAP evolution, we introduce an effective first Rabi fre-
quency, defined in terms of the initial density n1(0)
5uc1(0)u2. This is an upper bound to the stimulated Rabi
frequency; thus V1
(e f f )(t)5An1(0)V1(t)>V˜ 1(t) @and some-
times we write V2
(e f f )(t)5V2(t), for uniformity#, where
V i
(e f f )~ t !5V i
(e f f ,0)exp@2~ t2t i!2/T2# ~ i51,2!, ~20!
where V1
(e f f ,0)5V1
(el ,0)I1,3An1(0) and V2(e f f ,0)5V2(el ,0)I2,3 .
A typical pulse sequence is shown in Fig. 2. From the
definition of V i , the Franck-Condon overlap integrals are an
important issue from the point of view of employing a real-
istic set of parameters. Since the overlap integrals enter into
the definition of the effective Rabi frequencies, their values
will affect the adiabatic condition rewritten in terms of the
‘‘bare’’ electronic Rabi frequencies V¯ i
(el)
. We will analyze
this in more detail in the next section.
IV. UNIFORM CONDENSATE RESULTS
We start by considering a uniform condensate, described
by a similar equation to the Thomas-Fermi case, except with
a uniform trap potential for simplicity:
]cm~x,t !
]t
5iD1
TF~0 !cm1
iV˜ 1*
2 c3 ,
]c2~x,t !
]t
5iD2
TF~0 !c21
iV2*
2 c3 , ~21!
]c3~x,t !
]t
5iD3
TF~0 !c32
iV˜ 1
2 cm2
iV2
2 c2 .
Here the uniform detuning term D1
TF(0) is defined as the
Thomas-Fermi detuning, evaluated at the trap center. We
start by considering a uniform condensate in which the
s-wave scattering interactions are negligible ~i.e., Ui j50!,
and assume exact resonances with respect to bare state tran-
sitions, D15D250. We first simulate the above simplified
FIG. 2. The Rabi frequencies V i
(e f f )(t) for the Raman transi-
tions, with the peak values of V1
(e f f ,0)5V2
(e f f ,0)52.13107 s21,
pulse durations T51024 s, and a delay coefficient of a51.5.9-4
STIMULATED RAMAN ADIABATIC PASSAGE FROM AN . . . PHYSICAL REVIEW A 65 063619equations ~21! with an initial condition of a pure atomic
condensate. This model is more realistic than that of Mackie
et al. @10#, as it includes spontaneous emission. We find that
including the loss term g imposes restrictions on the effec-
tive Rabi frequencies V i
(e f f ,0) and the duration of the pulses
T.
The results are best understood with reference to Table I,
which gives the values of typical STIRAP parameters char-
acteristic of a condensate of 87Rb atoms @1,5#!, and they
correspond to the pulse sequence in Fig. 2.
Taking the values of the parameters in Table I, and an
optimum delay coefficient of a.1.5, gives h.0.96 or about
96% efficiency of conversion of atomic BEC into molecular
BEC, even including the upper level spontaneous emission.
Here, the conversion efficiency h is defined as the fraction of
the initial number of atoms n1(0) converted into molecules
h5
2n2~‘!
n1~0 !
, ~22!
where n2(‘) is the final number of molecules. This accounts
for the fact that n1 atoms can produce n1/2 molecules at best.
For comparison, using smaller Rabi frequencies, V i
(e f f ,0)
52.13106 s21, and a larger value of T51023 s, so that
the product V i
(e f f ,0)T still has the previous value V i
(e f f ,0)T
52.13103, gives a maximum conversion efficiency of h
.0.83 with a new optimum delay coefficient a.1.2. This is
smaller than in the previous example. In order to reach the
same efficiency as before, one has to further increase the
pulse durations ~up to T51022 s!, i.e., enter into a deeper
adiabatic regime. In in the absence of the spontaneous emis-
sion term, the conversion efficiencies would not be different
in these two examples.
In other words, in this simplified model it is possible to
have effective Rabi frequencies smaller than the
spontaneous-emission rate g , provided the duration of the
pulses is long enough. As usual, we can understand this
physically as implying that the upper level is never actually
occupied for very slowly varying adiabatic pulses. Hence,
just as in the case of atomic STIRAP, we can ignore sponta-
neous emission from the upper level provided that we use
very slowly varying pulses which are sufficiently deep in the
adiabatic limit. As we see in the following calculations, the
problem with this strategy is that very long pulses will tend
to cause violations of the two-photon resonance condition, in
the presence of mean-field interactions.
A. Effects of the mean-field energies
We now wish to include the mean-field energy terms, and
first restrict our analysis to the atom-atom scattering pro-
TABLE I. Typical parameter values for efficient STIRAP.
g 7.43107 s21
n1(0) 4.331020 m23
V1
(e f f ,0)5V2
(e f f ,0) 2.13107 s21
T 1024 s06361cesses. We consider a characteristic value of U1154.96
310217 m3/s corresponding to the scattering length of 87Rb
atoms @16# a155.4 nm (m151.443310225 kg). Together
with the choice of the initial atomic density n1(0) as before
~see Table I!, the value of U11 sets up a characteristic dephas-
ing time scale
tph5@U11n1~0 !#21, ~23!
equal in this case to tph.4.731025 s. The pulse duration T
must be smaller than or of the order of the dephasing time, in
order to permit STIRAP, otherwise the two-photon resonance
condition will not be satisfied.
Thus, including atom-atom scattering imposes an upper
limit to the pulse duration, so that T has now to satisfy T
&tph.102521024 s. But this restriction means that one
can no longer use longer pulse durations for small values of
V i
(e f f ,0)
, while still maintaining high conversion efficiency.
As a result, the adiabatic condition V i
(e f f ,0)T@1, with the
restriction of T&102521024 s, requires high peak values
of the effective Rabi frequencies: V i
(e f f ,0)*107 s21.
In order to satisfy this combination of requirements, we
use typical parameter values given in Table I, with U11
54.96310217 m3/s. Simulating Eqs. ~21! with these pa-
rameter values and with all other couplings Ui j set to zero,
gives a maximum of h.0.95 conversion efficiency, for the
optimum delay coefficient of a.1.5.
As the next step, one can include the mean-field energies
due to atom-molecule (U12 , U13) and molecule-molecule
(U22 , U23 , U33) scattering processes. Considering the fact
that the excited molecular state never gets highly populated
in STIRAP, only processes described by U12 and U22 are to
be taken into account here. Provided that the scattering
lengths for these processes are of the same order of magni-
tude as the atom-atom scattering length, these terms do not
lead to a dramatic change in the conversion efficiency.
To account for the most recent experimental data on ul-
tracold atom-molecule scattering in a 87Rb condensate @5#,
we have included the U12 term with a12529.346 nm. In
addition, we include the U22 term with an assumption that
a25a1 and set U3i50 since these are currently not known.
The resulting values of Ui j are summarized in Table II. The
results of simulations are given in Fig. 3, where we see about
93% (h.0.93) conversion of the atomic condensate into the
condensate of molecules for V1
(e f f ,0)5V2
(e f f ,0)52.1
3107 s21, T51024 s, and a.1.5. This figure also in-
cludes the analytic theory calculated in the adiabatic limit for
comparison, and shows that for these parameters, the results
of the numerical simulation are close to those from the adia-
batic theory.
TABLE II. Typical mean-field interaction potentials in rubidium
condensates.
U11 4.96310217 m3/s
U12 26.44310217 m3/s
U22 2.48310217 m3/s
U3i 09-5
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ergies STIRAP can be carried out, provided one uses faster
time scales than in the absence of the s-wave scattering. As a
consequence the effective Rabi frequencies have to be kept
at a rather high value. Characteristic results for comparison
are summarized in Fig. 4, where we plot conversion effi-
ciency h versus the relative delay coefficient a , for cases
where s-wave scattering are present or absent, and for differ-
ent values of the effective Rabi frequencies and pulse dura-
tions T.
Figure 4~a! shows a reasonably efficient conversion in the
absence of mean-field interactions, but it includes losses. As
expected, spontaneous-emission losses are reduced, and effi-
ciency is improved further by the use of longer pulses, fur-
ther into the adiabatic limit, as in Fig. 4~b!. However, the
more realistic example given in Fig. 4~c!, which includes
FIG. 3. Efficient conversion of an atomic condensate into a mo-
lecular condensate during STIRAP as obtained by simulating Eqs.
~21!, with an initial atom number density n1(0)54.331020 m23.
Other parameter values are as in Fig. 2 and Tables I and II. The
solid line indicates atomic density, the dashed line the molecular
density, and the dotted line the analytic result in the adiabatic limit.
FIG. 4. The conversion efficiency h as a function of relative
delay a for ~a! T51024 s and Ui j50; ~b! T51023 s and Ui j
50; ~c! T51024 s and Ui j as in Table II; ~d! T51023 s and Ui j
as in Table II. The full, dashed, and dashed-dotted lines correspond
to effective Rabi frequencies V1
(e f f ,0)5V2
(e f f ,0) equal to 2.1
3106 s21, 6.33106 s21, and 2.13107 s21. Other parameter val-
ues are as in Table I.06361mean-field interactions, shows rather poor conversion, espe-
cially when we use smaller effective Rabi frequencies,
V1
(e f f ,0)5V2
(e f f ,0)52.13106 s21, as shown by the full line
where maximum h.0.12 at optimum a.0.7. This is caused
by the effective two-photon detunings induced by the mean-
field interactions. The situation is made even worse rather
than better in Fig. 4~d! when longer pulses are chosen, giving
more time for two-photon detunings to occur.
To be more specific about values of the effective Rabi
frequencies we recall that the definition of V i
(e f f ) involves
the Franck-Condon overlap integrals I i ,3 and ‘‘bare’’ elec-
tronic Rabi frequencies V¯ i
(el)5ud¯MEiu/\ . Given the values
of d¯M and I i ,3 which are specific for particular dimer species
involved, the size of V i
(e f f ,0) can be translated to the intensi-
ties of the Raman lasers. Considering 87Rb2 as an example,
and using a characteristic values of the corresponding
Franck-Condon integrals, uI1,3u.10214 m3/2 and uI2,3u.0.1
@1#, the magnitudes of V1
(e f f ,0)5V2
(e f f ,0)52.13107 s21
translate to peak values of the bare Rabi frequencies equal to
V1
(el ,0)51011 s21 @for n1(0)54.331020 m23# and V2(el ,0)
52.13108 s21. The peak Rabi frequency of V1
(el ,0)
51011 s21 for the free-bound transition would be realized
with a 1 W laser power and a waist size of about 10 mm,
which is not impossible—but is much higher than we would
estimate without the combined effects of spontaneous emis-
sion and collisional processes. Another obvious problem here
is that the waist size of 10 mm is comparable to the charac-
teristic spatial extent of current BECs in a trap.
In summary, our analysis shows that the relatively small
overlap integrals for the free-bound transitions, together with
the mean-field interaction detunings, can require rather high
intensity of the v1 laser for obtaining high conversion effi-
ciencies.
B. Off-resonance operation
In order to allow one to operate under less demanding
laser powers or smaller Rabi frequencies ~e.g., V1
(e f f ,0)
5V2
(e f f ,0)52.13106 s21!—while still maintaining efficient
conversion—we now consider the role of the detunings D1
and D2 in the off-resonance regime of operation. In effect,
this approach relies on compensating for the phase shifts due
to the mean field energies, and tuning the free-bound and
bound-bound transitions to a ‘‘true’’ resonance. The physics
behind this is that in BEC environments it is not appropriate
to consider transitions with respect to single-particle bare
energies Ei . Rather, the relevant energies and therefore the
effective resonances have to take into account the mean-field
energy contributions due to self- and cross-interactions be-
tween the condensates.
More specifically, it is the two-photon detuning d that has
to be adjusted to the relative phase between the atomic and
molecular condensates. Alternatively speaking, by tuning the
two-photon detuning to compensate for the net mean-field
energy, one reduces the effect of dephasing since the effec-
tive dephasing time becomes longer compared to the pulse
durations. The problem, however, is more complicated be-
cause the mean field energy is changed dynamically as the9-6
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themselves are being changed during STIRAP. As a crude
estimate of an appropriate value of d one can simply choose
it to compensate the initial mean field energy in the atomic
condensate. This approach—employed for smaller Rabi fre-
quencies than before—can substantially improve the conver-
sion efficiency, compared to the case of zero two-photon
detuning.
To show this we have carried out simulations with ten
times smaller Rabi frequencies than before ~i.e., with
V i
(e f f ,0)52.13106 s 21!, corresponding to a decrease of the
Raman laser intensities by a factor of 100. The results are
summarized in Fig. 5, where we plot the conversion effi-
ciency h versus d for T51024 s and different delay coeffi-
cients a .
As we see, by varying the two-photon detuning and tun-
ing it to the optimum value, one can improve the conversion
efficiency by about a factor of 2 or more for a range of
values of the delay coefficient. Furthermore, as the effective
dephasing time is increased when the contribution of the
mean field energies is compensated by d , one can further
improve the results by employing longer pulse durations.
More generally, the problem of finding a set of values of T,
a , and d that maximize the conversion efficiency, for given
values of the effective Rabi frequencies, is now transformed
to an optimization problem.
C. Asymmetric effective Rabi frequencies
We now wish to explore an alternative strategy for im-
proving the conversion efficiency under experimentally less
demanding conditions of smaller Rabi frequencies. We con-
sider the effects of nonequal effective Rabi frequencies.
Using the earlier given characteristic values of the
Franck-Condon overlap integrals, uI1,3u.10214 m3/2 and
uI2,3u.0.1, we can estimate that the moderate magnitudes of
V1
(e f f ,0)5V2
(e f f ,0)52.13106 s21 translate to the following
peak values of the bare Rabi frequencies: V1
(el ,0)51010 s21
@for n1(0);4.331020 m23# and V2(el ,0)52.13107 s21. As
we see, while this corresponds to equal effective Rabi fre-
quencies, however, the absolute values of the corresponding
bare Rabi frequencies are not equal. The limitation on laser
FIG. 5. The conversion efficiency h as a function of 2d , for
V1
(e f f ,0)5V2
(e f f ,0)52.13106 s21, T51024 s and different delay
coefficients: a50.2 ~full line!, a50.4 ~dashed line!, a50.8
~dashed-dotted line!, a51.5 ~dots!. Other parameter values are as
in Tables I and II.06361intensities refers primarily to the free-bound transition,
whose bare Rabi frequency V1
(el ,0) is higher.
As far as the second Rabi frequency V2
(el ,0) is concerned,
one can, in principle, increase its magnitude up to the same
value as V1
(el ,0)
, i.e., V2
(el ,0)51010 s21, thus maintaining ex-
perimentally similar and reasonably high intensities for both
lasers. Under these conditions, and for the same values of the
Franck-Condon overlap integrals and n1(0), we would have
V1
(el ,0)51010 s21, V1
(e f f ,0)52.13106 s21,
V2
(el ,0)51010 s21, V2
(e f f ,0)5109 s21. ~24!
We can now ask the question of what happens in STIRAP
with different effective Rabi frequencies, and whether one
can achieve higher conversion efficiencies in the regime
where V2
(e f f ,0)@V1
(e f f ,0)
. This approach again leads to an
increased conversion efficiency compared to the case of
equal effective Rabi frequencies. To generalize the analysis,
we now treat different cases as an optimization problem ~that
maximize h), carried out with respect to T, a , and d , for a
set of different values of V2
(el ,0) within a range of V2
(el ,0)
51.5310721010 s21, and for a given value of V1(el ,0)
51010 s21. In terms of the effective Rabi frequencies, this
corresponds to V2
(e f f ) ranging from 1.53106 to 109 s21 for
a given V1
(e f f ,0)52.13106 s21.
The results are summarized in Fig. 6 and in Table III
where we give the corresponding optimum values of T, a ,
and d , and the resulting maximum conversion efficiency h .
For comparison, in the symmetric case of V1
(e f f ,0)5V2
(e f f ,0)
52.13106 s21 and d50, such that the optimization is car-
ried out only with respect to T and a , the maximum conver-
sion efficiency would be h.0.14 ~at optimum T50.46
31024 s and a50.54!. This case is represented by the tri-
angle, in Fig. 6.
Thus, we have shown that by introducing the possibility
of varying the two-photon detuning d and the Rabi frequency
V2
(el ,0)
, the conversion efficiency can be increased almost by
a factor of 4. This can be crucial for experimental observa-
tion of the phenomenon of coherent conversion of an atomic
BEC into a molecular BEC via STIRAP.
FIG. 6. The maximum conversion efficiency h versus V2(el ,0)
~the evaluated points are represented by circles!, for V1
(el ,0)
51010 s21 and the corresponding optimum values of T, a , and d
as given in Table III. The triangle gives the result of an optimization
with d50.9-7
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A. Uniform multilevel model
In our model for STIRAP we only treated the coupling of
laser v1 to the free-bound transition u1&↔u3& with Rabi fre-
quency V15V¯ 1
(el)I1,3 together with the coupling of laser v2
to the bound-bound transition u2&↔u3& with Rabi frequency
V25V¯ 2
(el)I2,3 . This approximation can only be valid if the
laser v1 is far detuned from the u2&↔u3& transition, and
similarly–if the laser v2 is far detuned from the u1&↔u3&
transition. In addition, the two lasers have to be far detuned
from transitions to any other vibrational levels uv8& ~adjacent
to u3&) in the excited potential. We define the relevant detun-
ings, for the simplest uniform case, as follows:
D13,v25~E322E1!/\2v2 ,
D23,v15~E32E2!/\2v1 ,
D1v8,v15~Ev822E1!/\2v1 ,
D1v8,v25~Ev822E1!/\2v2 ,
D2v8,v15~Ev82E2!/\2v1 ,
D2v8,v25~Ev82E2!/\2v2 . ~25!
In general, these cross-couplings—if included in the
model—lead to incoherent radiative losses of atoms and
molecules due to spontaneous emission which modifies the
effective detunings to
D iv8,v j
g
5D iv8,v j1ig/2. ~26!
.
In order that these losses be negligible we require the respec-
tive detunings to be large enough. This requirement, how-
ever, may not be easily satisfied, as the magnitudes of the
TABLE III. Optimum STIRAP parameters for V1
(el ,0)
51010 s21, uI1,3u510214 m3/2/s, and n1(0)54.331020 m23, so
that V1
(e f f ,0)52.13106 s21 in all cases; different values of
V2
(e f f ,0)5I1,3V2
(el ,0) are taken for uI1,3u50.1 and V2
(el ,0) ranging
from 1.53107 to 1010 s21.
V2
(el ,0) (s21) T(31024 s) a d (3104 s21) h
1.53107 0.987 0.753 3.58 0.257
2.13107 0.966 0.795 3.57 0.331
33107 1.05 0.882 3.44 0.391
53107 1.29 1.05 3.11 0.437
7.53107 1.49 1.19 2.92 0.453
108 1.61 1.30 2.83 0.459
23108 1.86 1.53 2.71 0.467
109 2.32 1.98 2.59 0.474
1010 2.58 2.51 2.93 0.48606361detunings are, in principle, limited from above by the char-
acteristic distance between the adjacent vibrational levels of
the excited molecular potential. In other words, increasing
the detuning with respect to one transition will eventually
bring the laser frequency to a resonance with respect to the
nearby level. More importantly, these cross-couplings pro-
vide scattering pathways that are not cancelled out in a dark-
state interference effect, so that their overall disruptive
effect—over the adiabatically long pulse durations—may
turn out to be rather large.
In order to estimate these effects, we therefore explicitly
include all other relevant coupling processes into our model.
In addition to losses, the incoherent couplings induce light
shifts that effectively lead to a dephasing between the atomic
and molecular condensates. Treating these leads to the fol-
lowing additional terms in the STIRAP equations, in the
same rotating frames as in Eqs. ~9!:
]c1
]t
5~ !1ib1gc11iU¯ 11g uc1u2c12ixc1*c2
1i
~V¯ 2
(el)I1,3!*
A2
e2iv12tc1*c3 , ~27!
]c2
]t
5~ !1ib2gc22i
x8
2 c1
2
1i
~V¯ 1
(el)I2,3!*
2 e
iv12tc3 , ~28!
]c3
]t
5~ !1i V
¯
2
(el)I1,3
2A2
e2iv12tc1
2
1i
V¯ 1
(el)I2,3
2 e
2iv12tc2 , ~29!
where () stands for the terms already present in the right-
hand sides of Eqs. ~9! and v125v12v2. Here, the induced
complex light shift coefficients b1
g and b2
g
, the nonlinear
shift U¯ 11
g ~which effectively leads to a modified atom-atom
scattering length!, and the effective parametric couplings
x ,x8 are given by ~including only nonoscillating terms!
b1
g5
uV1
(A)u2
4D1
1
uV2
(A)u2
4D2
, ~30!
b2
g5( 8
v8
F uV¯ 1(el)I2,v8u24D2v8,v1g 1uV
¯
2
(el)I2,v8u
2
4D2v8,v2
g G , ~31!
U¯ 11
g 5( 8
v8
F uV¯ 1(el)I1,v8u24D1v8,v1g 1uV
¯
2
(el)I1,v8u
2
4D1v8,v2
g G , ~32!9-8
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V¯ 1
~el !*V¯ 2
~el !
2A2
(
v8
8
I1,v8* I2,v8
D1v8,v1
g
~33!
x852
V¯ 1
(el)V¯ 2
(el)*
2A2 (
8
v8
I1,v8I2,v8*
D1v8,v1
g . ~34!
where D15v02v1 and D25v02v2 represent the detun-
ings of lasers v1 and v2 from the resonance frequency v0 of
the atomic transition between the dissociation limits of the
ground and excited potentials. In addition,
D j
g5D j1igA/2, ~35!
where gA5g/2 is the atomic spontaneous decay rate, and
V1
(A) and V2
(A) are the atomic Rabi frequencies which we
take V i
(A)5V¯ i
(el)/A2.
We now introduce real frequency shift and loss coeffi-
cients, so that b1
g5b11ia/2, b2
g5b11iG2/2 and U¯ 11
g
5U¯ 111iG1/2. Note that, in general, x*Þx8. This means
that the parametric terms are not population-preserving, and
can provide a STIRAP-type of loss reduction even for the
nonresonant vibrational levels, provided the coupling is
STIRAP-like.
The coefficients a , G i , b i , U¯ 11 , and x are obtained by
explicitly treating all other levels in the excited potential,
adjacent to u3&, followed by the procedure of adiabatic elimi-
nation. The coefficients also include the contributions from
Raman type of couplings u1&↔uv8& by the v1 laser and
u2&↔uv8& by the v2 laser. In principle, these additional Ra-
man couplings could be treated exactly like the primary STI-
RAP transition via u3&, i.e., taking place via the dark-state
interference effect, except that the transitions have much
larger one-photon detuning. This would require an adiabatic-
ity condition of the form of Eq. ~17! that includes the one-
photon detuning, implying that a larger value of the product
V i
(e f f ,0)T is needed. However, V i
(e f f ,0)T cannot be made ar-
bitrarily large, as we discussed earlier. Therefore our ap-
proach is to treat these extra Raman couplings as loss and
dephasing processes, rather than to include them into the
adiabatic passage scheme. The contribution of these cou-
plings to the effective atom-molecule conversion rate, de-
scribed by x , is negligibly small compared to the conversion
rate due to the parimary Raman transition via u3&.
The relevant transitions that stand behind these coeffi-
cients are illustrated in Fig. 7. For example, the coefficient a
describes the process of atomic absorption from either of the
two Raman lasers that incoherently produce excited atoms
followed by spontaneous-emission loss. The coefficient G1 is
due to ordinary photoassociation when pairs of atoms from
the condensate are transferred ~again by either of the two
Raman lasers! into an excited molecular state which can then
spontaneously dissociate into a pair of hot ~noncondensed!
atoms. The effective rate of this nonlinear loss is G1n1. Fi-
nally, the coefficient G2 describes the loss of molecules due
to spontaneous Raman scattering of laser photons. This pro-
duces molecules predominantly in rovibrational levels other06361than the one targeted by the stimulated Raman transition.
This term may also describe some scattering which is elastic
in the sense that the molecules return to the targeted state,
but with an increased kinetic energy due to photon recoil,
that will still remove the molecules from the condensate.
The summations in the expressions for G i , b2 , U¯ 11 , and
x are carried out over all the excited levels v8 except the
resonant level u3&, which itself participates in STIRAP rather
than being adiabatically eliminated. The effects of losses and
light shifts due to the cross-couplings to the level u3& itself
are implicitly described by the last terms in the right-hand
side ~rhs! of Eqs. ~26!–~28!. Subsequently, we will estimate
the combined effects of all levels in which case the contri-
bution of the level u3& is estimated by similar terms to the
ones included in G i , b2 , U¯ 11 , except that the detunings
D1v8,v2 and D2v8,v1 are replaced by D13,v2 and D23,v1, re-
spectively, and I i ,v8 are replaced by I i ,3 .
Separating out the time dependences of the two Rabi fre-
quencies, the above coefficients can be rewritten as
a5a (1)e22(t2t1)
2/T21a (2)e22(t2t2)
2/T2
, ~36!
G i5G i
(1)e22(t2t1)
2/T21G i
(2)e22(t2t2)
2/T2
, ~37!
b i5b i
(1)e22(t2t1)
2/T21b i
(2)e22(t2t2)
2/T2
, ~38!
U¯ 115U¯ 11
(1)e22(t2t1)
2/T21U¯ 11
(2)e22(t2t2)
2/T2
, ~39!
FIG. 7. Diagramatic representation of incoherent scattering pro-
cesses resulting in induced losses and light shifts.9-9
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2(t2t1)2/T2e2(t2t2)
2/T2
, ~40!
where the peak values are, at large detunings, approximately
a (i)5
gA
4 UV i
(A ,0)
Di
U2, ~41!
G1
(i)5
g
4 ( 8v8 UV¯ i
(el ,0)I1,v8
D1v8,v i
U2, ~42!
G2
(i)5
g
4 ( 8v8 UV¯ i
(el ,0)I2,v8
D2v8,v i
U2, ~43!
b1
(i)5
uV i
(A ,0)u2
4Di
, ~44!
b2
(i)5( 8
v8
uV¯ i
(el ,0)I2,v8u
2
4D2v8,v i
, ~45!
U¯ 11
(i)5( 8
v8
uV¯ i
(el ,0)I1,v8u
2
4D1v8,v i
. ~46!
x85x0*52
V¯ 1
(el ,0)V¯ 2
(el ,0)*
2A2 (
8
v8
I1,v8I2,v8*
D1v8,v1
g . ~47!
The reason for this separation is that the two terms in each
coefficient act during different time intervals, corresponding
to the first and the second pulse in STIRAP. Accordingly, one
has to distinguish their disruptive effect during the duration
of the corresponding pulses. For example, the molecule loss
term G2
(2) acts during the first Raman pulse ~of frequency v2!
when the molecular field is not populated yet. As a result, the
coefficient G2
(2) is not so disruptive. On the other hand, the
molecule loss term G2
(1) is much more important since it acts
during the second Raman pulse ~with frequency v1! when
the population of the molecular condensate becomes high. If
the value of G2
(1) is too large, one can easily lose all this
population during the v1 pulse.
In order that the radiative losses and dephasing due to
light shifts be negligible over the duration of STIRAP, the
time scales associated with the coefficients a , G1n1 , G2,
and the induced relative phases must be much larger than the
duration of pulses in STIRAP, i.e.,
@a (i)#21@T , ~48!
@G1
(1)n1#
21@T , ~49!
F S G1(2)1 g4 UV¯ 2(el ,0)I1,3D13,v2 U
2D n1G21@T , ~50!063619FG2(1)1 g4 UV¯ 1(el ,0)I2,3D23,v1 U
2G21@T , ~51!
@G2
(2)#21@T , ~52!
US b2(1)1 uV¯ 1(el ,0)I2,3u24D23,v1 D 22b1(1)U
21
@T , ~53!
ub2
(2)22b1
(2)u21@T . ~54!
This will guarantee that the pulses are switched off before
the losses and dephasings can have their disruptive effect.
The influence of the nonlinear phase shift due to U¯ 11
(i) can be
ignored simply on the grounds of U¯ 11
(i)!U11 which is the
case we encounter in our analysis.
In the above conditions involving the coefficients G1
(2)
,
G2
(1)
, and b2
(1)
, we have included additional terms which are
the contributions from the incoherent cross-couplings 1↔3
by the laser v2 and 2↔3 by the laser v1. As we mentioned
earlier, these processes are treated explicitly by the last terms
in the rhs of Eqs. ~26!–~28!. However, their overall effect
can be described by expressions similar to the corresponding
terms in the coefficients G1
(2)
, G2
(1)
, and b2
(1)
. Therefore
these additional contributions must be included in the above
conditions, as they play an important role for correct esti-
mates of the overall degree of disruption due to incoherent
couplings.
Our goal now is in performing a realistic analysis of the
above coefficients for the 87Rb2 molecule under consider-
ation, and in finding appropriate target levels for the Raman
transitions in STIRAP so that the disruptive effects are mini-
mized. This is done using the results of calculation @17# of
the dipole matrix elements, energy eigenvalues, and the
Franck-Condon overlap integrals for model potentials that
closely approximate the 87Rb2 ground 3(u
1 potential and the
Og
2 symmetry excited potential. The calculation treats 205
ro-vibrational levels in the excited potential ~which we label
by v850,1,2, . . . ,204! and 39 levels (v50,1,2, . . . ,38) in
the ground potential.
Within such a large range of target levels that the Raman
transitions can be tuned to, several possibilities can be
readily eliminated to simplify the search. For example, Ra-
man transitions via one of the highly excited levels (v8
*190) will suffer from large values of the atomic loss coef-
ficient a since the detunings Di will be small, and as a result
the condition @a (i)#21@T will not be satisfied. On the other
hand, transitions via low excited states (v8&160) will have
very small values of the free-bound Franck-Condon overlap
integral, I1,v8&0.5310
214 m3/2. This in turn will result in
small effective Rabi frequency V1
(e f f ,0) ~using reasonable
values of the intensity of the laser v1 and the density n1!, so
that the adiabaticity condition V1
(e f f ,0)T@1 is not satisfied.
In general, the behavior of the coefficients G1
(i)
, G2
(i)
, and
b2
(i) is not of a trivial character. Each particular choice of the
final state uv& in the ground potential which we designate as-10
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lasers with respect to couplings to different excited levels.
Further complications emerge from the oscillatory behavior
of the Franck-Condon overlap integrals, as shown in Fig. 8.
This means that the contribution of the levels nearest to u3&,
having the smallest detunings, may not necessarily give the
leading term in the sums over v8 since the further detuned
levels may have larger Franck-Condon overlaps, thus result-
ing in comparable contributions to the coefficients. In addi-
tion, different terms in the expression for b2
(i) will depend on
the sign of the respective detuning, so that they may add up
into either a positive or negative value of b2
(i)
.
Thus our analysis consists of a calculation of all the above
coefficients for different levels uv& and uv8& , and subsequent
identification of an optimum target level that satisfies the
conditions ~48!–~54! as closely as possible. For each level
uv&[u2& in the ground potential we scan the Raman transi-
tions through different levels uv8& in the excited potential,
treating this as u3& and carrying out the summations over the
remaining levels.
The calculation is done for V1
(el ,0)51010 s21 and V2
(el ,0)
5109 s21. To simplify the analysis we consider the case of
D150 and d50, i.e., we only treat cases when the primary
Raman transition is resonant. Once the optimum level is
identified, we can subsequently fine tune the two-photon de-
tuning d for optimum conversion. Provided that the order of
magnitude of the optimum d is udu;104 s21 as found in the
examples of Secs. IV B and IV C, this subsequent fine tuning
will have no effect on the results of calculation of the loss
and light shift coefficients, since these involve detunings
D iv8,v j that typically have much larger magnitudes,
uD iv8,v ju@udu.
The most favorable case that we find corresponds to tun-
FIG. 8. Free-bound ~a! and bound-bound ~b! Franck-Condon
overlap integrals, I1,v8 and Iv535,v8 , as a function of the vibrational
quamtum number v8.063619ing the Raman transitions to v85177 in the excited potential
bound by 222.23 cm21 or 24.190331012 s21 from the
dissociation limit, and v535 in the ground potential bound
by 28.05 GHz or 25.05831010 s21. The binding energy
of the level v535 sets up the frequency difference v22v1
55.05831010 s21, and the values of all relevant detunings.
The nearby levels around v85177 in the excited potential
are separated by about 4.231011 s21, which is much larger
than v22v1. For this arrangement of the target levels, the
resonant Franck-Condon overlap integrals are equal to I1,3
51.05310214 m3/2 and I2,350.0228, so that the effective
peak Rabi frequencies are equal to: V1
(e f f ,0)52.18
3106 s21, for n1(0)54.331020 m23, and V2(e f f ,0)52.28
3107 s21. The resulting values of calculated loss and light
shift coefficients are given in Table IV.
An important factor in minimizing the most significant
loss coefficient G2
(1) and its ‘‘cousin’’ term in Eq. ~51! is the
relatively small value of I2,3 and of the Franck-Condon over-
laps I2,v8 of the closest nearby levels. While this is favorable
for the undesired loss terms, the small value of I2,3 also af-
fects the strength of the bound-bound coupling of the pri-
mary Raman transition, V2
(e f f ,0)5V2
(el ,0)I2,3 , which must be
kept large. However, the small I2,3 value is compensated here
by a strong bare electronic Rabi frequency V2
(el ,0)
5109 s21 so that V2
(e f f ,0) is still large and the adiabaticity
condition is maintained.
Using the above parameter values and simulating the STI-
RAP equations with the additional terms given by Eqs. ~26!–
~28! results in about 42% conversion efficiency (h50.42),
which is rather high and is an encouraging result. In this
simulation, the estimated optimum pulse duration T, the
pulse delay coefficient a , and the two-photon detuning d
were taken as follows: T51.731024 s21, a51.53, and d
543104 s21. The effective Rabi frequencies and the par-
ticle number densities for this calculation are given in Figs.
9~a! and 9~b!.
TABLE IV. Calculated values of the loss and light shift coeffi-
cients for Raman transitions tuned to the ground v535 and excited
v85177 levels.
a (1) 51.43 s21
a (2) 0.5398 s21
G1
(1) 3.010310224 m3/s
G1
(2) 3.014310226 m3/s
G2
(1) 466.7 s21
G2
(2) 4.645 s21
b1
(1) 2.9483106 s21
b1
(2) 3.0203104 s21
b2
(1) 5.6523106 s21
b2
(2) 5.9693104 s21
(g/4)uV¯ 2(el ,0)I1,3u2/uD13,v2u2 7.96310
225 m3/s
(g/4)uV¯ 1(el ,0)I2,3u2/uD23,v1u2 375.9 s
21
uV¯ 1
(el ,0)I2,3u2/(4D23,v1) 2.57310
5 s21
x08.x0* 29.2531029 m3/2/s-11
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The final step in our analysis is to include the trap poten-
tial and the kinetic energy terms and simulate the full set of
coupled inhomogeneous mean-field equations ~6! in three
space dimensions. The initial state in these simulations is a
pure atomic BEC, with no molecules present, as given by the
standard steady-state Gross-Pitaevskii equation in a trap. We
consider spherically symmetric trap potentials Vi(x)5Ei
1(mi/2)v i2uxu2 and choose the trap oscillation frequencies
v i equal to each other: v i/2p5100 Hz (i51,2,3). Includ-
ing these terms, we simulate Eqs. ~6! assuming that the ini-
tial peak density of the atomic BEC is n1(x˜0,t50)54.3
31020 m23 at the trap center. This corresponds to the total
initial number of atoms N15*dxuc(x,0)u2 equal to N155
3105.
We note that the characteristic time scale associated with
the trap potential can be estimated as tv51/v.1.6
31023 s. The time scale associated with the kinetic energy
term is estimated from the ‘‘healing’’ length lh;A\th /m1
which corresponds to a healing time scale of th . Under the
adiabatic conversion of an equilibrium ~Thomas-Fermi like!
atomic BEC, this healing time scale coincides with the
dephasing time tph associated with the mean field energy
potential and discussed before. Both these time scales ~tv
and th! are longer than the duration of pulses in STIRAP we
employed earlier. Therefore, addition of these terms cannot
dramatically change the results and conclusions obtained
above for uniform condensates.
To show this we first consider the idealized three-level
model with parameter values given in Tables I and II, i.e., the
case of equal and relatively strong effective Rabi frequen-
cies. The results of simulations of Eqs. ~6! are shown in Figs.
FIG. 9. ~a! Optimum effective Rabi frequencies for STIRAP in
the multilevel model. ~b! Resulting densities in the uniform conden-
sates case.06361910 and 11, where we see a rather high conversion efficiency
h.0.91. This should be compared with the uniform conden-
sates result of Fig. 3.
Next, we consider the case of more realistic parameter
values ~lower Rabi frequencies!, and include the effects of
incoherent radiative losses and dephasings as described in
the previous sub-section. Using the calculated values of all
relevant parameters for the Raman transitions tuned to v8
5177 and v535, and adding the trap potential and kinetic
energy terms to the earlier Eqs. ~26!–~28!, we simulate the
process of STIRAP governed by the resulting full set of
mean-field equations in three dimensions:
]c1~x,t !
]t
5iD1
GPc11
iV1*
A2
c3c1*2
a
2 c11ib1c1
2
G1
2 uc1u
2c11iU¯ 11uc1u2c12ixc1*c2
1i
~V¯ 2
(el)I1,3!*
A2
e2iv12tc1*c3 , ~55!
]c2~x,t !
]t
5iD2
GPc21
iV2*
2 c32
G2
2 c21ib2c12i
x*
2 c1
2
1i
~V¯ 1
(el)I2,3!*
2 e
iv12tc3 , ~56!
FIG. 10. Densities ni(x,t)5uc i(x,t)u2 of the atomic ~a! and mo-
lecular ~b! condensates in a trap as a function of time t and the
radial distance r5uxu from the trap center. The applied pulses are as
in Fig. 2, and other parameter values are given in Tables I and II.
The result is for the idealized three-level model.-12
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]t
5iD3
GPc31
iV1
2A2
c1
21
iV2
2 c2
1i
V¯ 2
(el)I1,3
2A2
eiv12tc1
2
1i
V¯ 1
(el)I2,3
2 e
2iv12tc2
. ~57!
We switch on the sequence of two Raman pulses, as
shown in Fig. 9, corresponding to V1
(e f f ,0)52.183106 s21,
V2
(e f f ,0)52.283107 s21, T51.731024 s21, and a51.53.
The values of T and a , together with the choice of the two-
photon detuning d543104 s21, correspond to the opti-
mized set of parameters as in Tables III and are obtained for
v85177 and v535 levels using V1(el ,0)51010 s21 and
V2
(el ,0)5109 s21. The corresponding values of all other rel-
evant coefficients are given in Table IV and II, while the
spontaneous decay rate is g57.43107 s21, as before. The
optimum value of d accounts for nonzero values of the light
shift coefficients b i , so that the actual detuning to be opti-
mized using the Table III is the overall effective detuning d˜
5d1b222b1.
The results of simulations with this set of parameter val-
ues are given in Fig. 12 where we plot the total occupation
numbers in the atomic and molecular BECs as a function of
time. The obtained conversion efficiency is h.0.32. This is
10% lower than the efficiency in the corresponding homoge-
neous case of Fig. 9, but still is a rather encouraging result
given the fact that 32% conversion of about 53105 atoms
would give a molecular BEC with the total of 83104 mol-
ecules, with a peak density of about 1020 m23.
VI. SUMMARY
To summarize, STIRAP is a potential route towards the
coherent conversion of an atomic to a molecular BEC. This
process involves stimulated emission of molecules, and is
very different to normal chemical kinetics. As such, it is a
form of ‘‘superchemistry’’ @1#. STIRAP in an atomic BEC
can be treated in a very similar way to normal STIRAP, by
introducing an effective Rabi frequency for the first photoas-
FIG. 11. Integrated occupation numbers Ni(t)5*dxuc i(x,t)u2
of the atomic ~solid line! and the molecular ~dashed line! fields as a
function of time t for the parameter values of Fig. 10.063619sociation transition. A potential difficulty is the relatively low
values of the effective Rabi frequency in the first or photo-
association transition. This can be regarded as physically due
to the low densities of atoms in a typical weakly interacting
BEC, compared with atoms in a molecule. This means that
the corresponding Franck-Condon coefficient, after multiply-
ing by the relevant BEC amplitude, has a very small value.
Thus, the laser intensities required may be quite high, in
order to obtain Rabi frequencies comparable to those used in
atomic transitions.
This by itself is not critical, since deep in the adiabatic
limit it is normally permissible to use low Rabi frequencies,
as long as the associated time scales are long enough. From
this point of view, the use of STIRAP, and consequent reduc-
tion of spontaneous emission, is a physically sensible idea.
However, including s-wave scattering or mean-field pro-
cesses into the model for STIRAP sets up a characteristic
two-photon dephasing time scale, so that the pulse durations
in STIRAP have to be shorter than a certain critical value.
Short pulse durations necessarily involve high values for the
effective Rabi frequencies in the usual symmetric case of
V1
(e f f ,0)5V2
(e f f ,0)
, thus requiring a very high laser power for
the first transition—if the adiabaticity condition is to be
maintained.
In order to ease this demanding requirement and be able
to achieve highest possible conversion efficiency at smaller
total laser power, we propose to use an off-resonance opera-
tion ~thus canceling part of the mean-field detuning effect!
and effective Rabi frequencies V1
(e f f ,0) and V2
(e f f ,0) of differ-
ent magnitudes. This has the effect of dramatically increasing
coherent molecule production, in a physically accessible re-
gime of moderate laser intensity. Further improvements may
be possible by tailoring the input pulse frequencies to the
time-dependent two-photon detuning, caused by interatomic
and intermolecular scattering. We have carried out mean-
field calculations in three dimenisons to verify that trap in-
homogeneity should not have adverse effects on the STIRAP
process.
Finally, we stress the importance of radiative losses and
dephasing due to incoherent processes that occur during STI-
RAP. These processes are usually assumed to be negligible in
ordinary STIRAP between purely atomic or molecular states.
FIG. 12. Same as in Fig. 11 but for the parameter values of the
complete multilevel model and a three-dimetional trap geometry.
The resulting conversion efficiency can be compared with the uni-
form condensates case of Fig. 9~b!.-13
DRUMMOND, KHERUNTSYAN, HEINZEN, AND WYNAR PHYSICAL REVIEW A 65 063619In the present case of coupled atomic and/or molecular
BECs, this assumption cannot be easily justified since the
free-bound transition typically involves a relatively low ef-
fective Rabi frequency, which necessitates long pulse dura-
tions. Instead, we find that the incoherent couplings can be
rather destructive unless special care is taken to minimize
their effect. This involves detailed knowledge of the structure
of the free-bound and bound-bound transitions and subse-
quent identification of optimum target levels in STIRAP, so063619that the overall conversion efficiency remains comparable to
the predictions of the simplified three-level model.
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